For highway driving cycles NREL showed that vehicle speed had a greater impact on fuel economy. This correlation is due to the exponential impact that aerodynamics has on fuel consumption with respect to speed. Higher speeds correlate to more fuel consumed. At the lower speed city driving cycles, aerodynamics does not play as crucial of a role. The correlation of speed to fuel consumption can be seen in Figure 1 -2 below. A summary of driving behaviors that affect fuel economy include; speed during highway driving, as shown above, frequency of acceleration and deceleration, number of stops, and the timing of gear changes, which, for the driver impact, is only relevant for a manual transmission. After reviewing many of these driving behaviors, and other factors that impact how efficiently a driver performs, various driver feedback systems were proposed. In conclusion to the NREL study it was determined that increasing automation and giving some form of feedback, whether dash lights, sounds, or vehicle responses, could help improve the efficiency of the driver.
A similar study, in a thesis by Irene Berry, on the effects of driving style and vehicle performance on real world fuel consumption of U.S. light-duty vehicles looked to quantify the impact of the driver by developing three aggressiveness factors. Each of these was based on vehicle characteristics but did not acquire data for driver input such as accelerator pedal position. These aggressiveness factors showed good correlation to fuel consumption and are outlined in better detail in section 1.3. In the introduction, of Berry's thesis, she references many other studies that have considered the impact of the driver. They looked at the impact of the drivers in certification testing, similar to fuel economy testing, where the difference in driving can cause up to a 3 percent difference in fuel economy. Berry also investigates eco-driving which is detailed further in section 1.3. Eco-driving is described as a set of skills that the driver must adopt to improve fuel economy. Some of the techniques of eco-driving include avoiding high engine speeds, maintaining steady vehicle speeds, better anticipating traffic conditions, reducing the rate of acceleration and deceleration, and avoiding long idle times. By adopting eco-driving many studies have shown that a driver can reduce fuel consumption by as much as 5 to 10 percent. (Berry 2010) A final study, by J. A. Joyner of Cummins Engine Co. Inc., dates all the way back to 1965 and gave an overview of the different factors affecting fuel economy in diesel powered vehicles and the importance of fuel economy to long haul fleets. The driver was one of these factors. In the first sentence of the driver section Joyner states, "The driver has more influence over fuel economy than any other single factor. Fleet management should make sure all drivers understand the engine and how to drive for fuel economy."
Of all of the factors mentioned in this study the driver is one that can influence all of the others. For example, the driver determines which gear the transmission is in relative to engine speed and load, whether or not he runs the air conditioning or other accessories, and if the vehicle is maintained with proper tire inflation, engine oil, or engine filters. Responsibility falls on the driver to determine the optimal settings and conditions necessary for improved fuel economy. Even though dated, this study shows that the impact of the driver is not a new thing. (Joyner 1965) These studies listed are a very small portion of the research done on driver impact on fuel economy. All of the studies referenced in this paper went into detail describing and researching the impact of the driver and driving style on fuel economy. Each have varying results from different applications and different data sets but all of them help drive the main point that the driver most definitely has an impact on fuel economy of any vehicle in any driving condition.
Importance of Improved Fuel Economy
One of the most obvious reasons for improved fuel economy is the cost of fuel.
The cost of both diesel fuel and gasoline continues to increase. One of the more popular metrics for measuring fuel economy is miles traveled per one gallon of fuel or mpg. This metric has become the standard benchmark for the automotive industry. While mpg is an adequate measure of fuel economy it can also be misleading. Where an average passenger car might get 20 to 30 mpg, a heavy duty tractor trailer combination will see 5 to 7 mpg. People may understand that this difference is due to weight but many of them probably don't realize that the tractor trailer is actually outperforming the passenger car when it comes to the amount of work done.
When taking the weight of a vehicle into consideration a different metric is available called Ton-mpg. A typical passenger car weighs around 1.5 to 2 tons while a tractor trailer combination can weigh as much as 40 tons with a full load. By including the weight of the vehicle along with mpg a gauge for productivity or work is created.
For example, taking the weight of the car multiplied by its mpg yields 30-60 ton-mpg and of the tractor trailer combination yields around 200 ton-mpg. From this it can be seen that the productivity of the tractor trailer combination is much greater. Because of the higher magnitude of the truck weight with a load an improvement in fuel economy is more significant. If the fuel economy of a heavy duty tractor improves by 1 mpg it will increase productivity 30 to 40 ton-mpg while a passenger car will only increase its productivity by 2 ton-mpg. Table 1-1 shows the differences between fuel used and work done between different classes of vehicles over a distance of 1000 miles which helps support the relevance of using ton-mpg for heavy duty trucks. (Harrington W. 2012) for anyone interested in running fuel economy testing.
Defining Aggressivity
As stated in the beginning of this chapter, many studies have been done on the impact of the driver on fuel economy and emissions. Some of these studies made an attempt at developing a metric to be used to correlate the impact of the driver on fuel consumption. After extensive research four different driver variability or aggressivity metrics were discovered for possible use in this paper. Each metric and its corresponding study are outlined in this section. All of the methods described were involved in either fuel consumption or emissions reduction studies. The first two studies were found to require more extensive testing while the later two were viewed to be more suitable for the test performed for this paper of which the final one was chosen.
The first study, by Irene Berry, took an extensive look at the effects of driving style and vehicle performance on fuel consumption. This study developed an aggressivity factor that incorporates coast down ABC coefficients and therefore requires coast down testing which is described in SAE J1263. The ABC coefficients are used to compensate for the multiple on road resistances that a vehicle sees while in operation.
These include tire rolling resistance, drag from brake pads and wheel bearings, power used by pumps of the vehicle, and aerodynamic drag. Equation 1-1 shows the equation used for city driving. Although this metric shows strong correlation it could not be used due to the lack of a proper coast down test location as well as the availability of a sufficient on vehicle anemometer setup. Coast down testing was performed but only to ensure that the two vehicles being tested had no significant differences in drag. Out of the four metrics overviewed in this section the aggressiveness factor developed by Berry shows the strongest correlation against fuel consumption. If all conditions for a proper coast down test can be met, this metric would be highly recommended.
The second study considered was actually referenced in the first and focused on how driving style can influence car CO 2 emissions. The authors of this study understood the need to develop a methodology to assess and quantify the influence of the driver on the vehicle's fuel consumption. The metric in this study is defined as eco-index and takes a different approach on driver impact. The goal of eco-index is to take data from an existing drive cycle, modify it, and then through simulation of the drive cycle see if the driver had adopted the eco-driving style what would be the results on fuel consumption and CO 2 emissions. An example of a modified drive cycle overlaid onto the original is shown in Figure 1 The third study by the Ford Scientific Research Laboratory looked at emissions from varying levels of driver aggressiveness and in doing so developed a metric to measure driver behavior that they called, "aggressivity" as seen in equation 1-3 and 1-4.
(1-3)
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The Root Mean Square (RMS) is taken of the power factor (P f ) which is comprised of v, vehicle speed or velocity in mph, and a, vehicle acceleration in mph/s. N is the number of events that occur in a drive cycle. In this study it was found that aggressive driving produced significantly more CO and HC emissions as can be seen by comparing the measured values in Figure 1 -6. The final study, conducted by MAHLE Powertrain Ltd., took the aggressivity described above and added a proposed pedal aggressivity metric similar to the RMS(P f )
method. This metric takes into consideration the inputs by the driver and combined with the previously described vehicle aggressivity in equation 1-4 we now have a total aggressivity equation 1-5. Aggressivity in equation 1-5 has been abbreviated to Aggr.
( [1] [2] [3] [4] [5] This study goes into more detail of how to apply the aggressivity metrics. It is made clear that the vehicle speed and acceleration used are the averages for an acceleration profile. An acceleration profile goes from adjacent minimum and maximum vehicle speed points. Only positive accelerations were used by this study.
The pedal aggressivity shown in equation 1-6 takes the root mean square of the pedal power factor.
(1-6)
(1-7)
The pedal power factor is comprised of pedal which is the average percent throttle position for an acceleration profile and then using the defined sample rate the average pedal rate for the profile is derived as well. All vehicle parameters for this metric are acquired from the vehicle data link. The goal of the Total aggressivity metric is to eliminate any differences between vehicles to only focus on the impact of the driver. For example if a passive driver were to drive a very aggressive vehicle it would not yield an accurate comparison against an aggressive driver driving a passive vehicle. The total aggressivity metric helps normalize between vehicles. An example of the total aggressivity output can be seen in 
Objectives
The goal of this study is to investigate driver and vehicle aggressivity, using The SAE J1321 Type II Fuel Consumption Test Procedure was followed as closely as possible for this research. The test was not exclusively run for the purpose of this study on driver impact and therefore has differences that would not be recommended but the data acquired is still deemed adequate and relevant. The following is a summary of the details and limitations pertaining to the test performed.
Vehicle Type, Configuration and Weight
The SAE type II Fuel Consumption Test requires that the two vehicles being tested be of the same make and model. There should be no differences in tires, engines, transmissions, aerodynamics, and any other hardware that can impact fuel economy.
Along with the tractors it is important that the trailers be the same. Tractor trailer weight must also match between the two trucks. This should be checked with the trailers swapped between tractors to verify. For the initial base line test it is of utmost importance that the two vehicles be as close to identical as possible. For this test the two vehicles being tested were identical Freightliners with matching bodies, engines, transmissions, axles, and tires. The trailers were also like Rider trailers with matching tires. Some of the more detailed information on the trucks cannot be disclosed due to confidentiality. The weight of the two trucks was 66,315 lbs and was checked before and after the test.
Test Route and Speeds
The test route chosen was a rural route consisting of approximately 80% stop and go driving at transient speeds and 20% highway driving. Due to this being an on road test the route is required by SAE type II test to be greater than 100 miles. The route chosen had a distance of 122 miles and was driven for two laps for a total of 244 miles.
The start and the stop of the route was the same location.
Drivers
The SAE type II test procedure requires that the drivers stay with the same truck for the entirety of the test but for this test the drivers were swapped. After the first leg of the test the drivers were asked to switch trucks and then again after the third leg. It was considered relevant to have the drivers switch to eliminate any variability due to different driver behavior. The drivers chosen were also experienced drivers hired from a truck driver company.
Weather Considerations
The weather conditions were recorded at the beginning, middle, and end of each lap of the test. The data was collected using a handheld kestrel 4500 weather meter and included wind speed, wind direction, and temperature. Per SAE requirements, no test was included if the average wind speed for the run was greater than 12mph or if the temperature gradient were greater than 30 °F. It can be seen from Table 2-1 that the temperature difference for all of the runs fell within the 30 °F limit. Also, the temperature of the fuel was measured. Diesel fuel has a coefficient of expansion of 0.0005/°F. For every 1 degree change in temperature the fuel correction is 0.05%. For the highest average difference in fuel temperature of 3.22 °F, as seen in Table 2 -1, the fuel volume difference would have been 0.161% or roughly 0.00161 gallons of fuel for every gallon used. Most all of the runs would require a fuel correction of roughly 0.1% and therefore were not changed due to this being a consistent value throughout the test.
The shift of the data will not impact the correlations seen. 
Instrumentation and Equipment
This section outlines the instrumentation used which included a fuel flow meter,
weather meter, and a data logger.
Fuel Flow Meters
Measuring the fuel used during the test is the most important aspect. SAE recommends the use of gravity weigh tanks but also allows for the use of portable emissions modules (PEMs) or volumetric flow meters. For this test a volumetric flow meter was used calibrated to an accuracy of 1%.
Measuring the fuel flow of a diesel engine has an added obstacle that measuring gasoline engines does not. Many of the diesel engines used in heavy duty tractor trailer applications utilize a high pressure fuel injection system that requires a pressure relief valve. This relief valve allows unburned fuel to return to the fuel tanks. This return fuel thus prevents a flow meter from being able to be installed only on the feed line to the engine. Also this return fuel is of an elevated temperature. To overcome these road blocks a flow meter specifically design for this type of application was used.
The flow meters have an intuitive design that utilizes check valves, a pump, cooler, thermocouple, and a filter. Fuel is drawn from the tanks and passed through a filter installed on the flow meter. This fuel then passes through a continuous flow pump that pumps the fuel to a T-intersection. At the T-intersection the fuel will be passed through a cooler or is drawn through the volumetric flow meter by the engine. The fuel that passed through the cooler is used to cool the return fuel from the engine and is then returned to the tanks. The cooler fuel and engine return fuel do not mix. After the engine return fuel has been cooled it is then fed back to the engine supply but after the flow meter as to not be counted a second time. This process allows for the return fuel to be The actual meter utilizes rotary piston technology. Each revolution of the piston produces a pulse output which is called a count and one count is equal to a given quantity of fuel. Figure 2 -2 shows the step by step operation of this design. With the system being based on volume and not weight, as in the weigh tank method, adjustment for density is not necessary unless a difference in fuel temperature exists. This is why the thermocouple as seen in Figure 2 -1 is available. Temperature measurements are taken before, during and at the end of the test to ensure that the fuel between the two trucks maintains the same temperature difference through the entire test. 
Weather Meter
A handheld Kestrel 4000 weather meter was used to collect weather data at the beginning, middle and end of each test run. The SAE test procedure requires that weather data be taken, at the least, at three locations along the route. The Kestrel weather meter is capable of taking temperature, wind speed, wind direction, and atmospheric pressure.
Data Loggers
Data loggers with special software were used on both trucks to collect data from the J1939 CAN network. All truck manufacturers are required to broadcast certain pre defined parameters on the J1939 public network. The logger used for this testing is capable of gathering any data broadcast on the public network as well as GPS data gathered from the built in GPS processor and included antenna. Once the data has been acquired it can be downloaded either directly from the logger or can be sent directly from the logger through a cellular antenna to a server where it can be retrieved at a later time.
Data Acquisition
Data was collected from the J1939 CAN public data link. For this test six parameters were logged by the data logger which included time, vehicle speed, engine speed, net engine torque, accelerator pedal position, and fuel flow meter counts. The log rate was 1Hz or a data point ever second. The data is automatically stored in a CSV file format by the logger software which can be extracted at a later time by an engineer or technician. Once all data is collected the data is processed using Matlab and excel. CHAPTER 3: METHODOLOGY
Modified Driver Aggressivity Method Used
The total aggressivity method developed by MAHLE Powertrain Ltd mentioned in section 1.3 was modified slightly to be used for this test. Instead of looking at an acceleration profile that goes from adjacent minimum and maximum vehicle speed points each individual time interval was considered. Only positive accelerations were used by their study which was maintained. This method looks at the average speed and acceleration over an acceleration event and then normalizes by the number of events.
This same technique is used for the pedal aggressivity as well. It was concluded from analyzing various data sets and understanding how driving behavior impacts fuel economy that processing the data in a more micro instead of macro method could actually improve correlation to fuel consumption. Where the original total aggressivity method only looks at acceleration events and ignores steady state driving the modified method takes into consideration the fluctuations that may occur during steady state driving. A good driver tends to maintain a more consistent speed during highway driving while a more aggressive driver can tend to treat the accelerator pedal as more of an "on/off switch". By applying the total aggressivity metric to each individual time step these variations at steady state may be included in the results and provide correlation to fuel consumption. The resulting correlations of this method are discussed in Chapter 4:.
Proposed Aggressivity Metric
Average positive and negative vehicle acceleration showed the best correlation to fuel consumption. Vehicle speed also showed a strong correlation to fuel consumption.
These correlations can be seen in Figure A After the test concluded and all data had been collected analysis was performed.
Matlab, excel, and Minitab were all used to process the data to produce graphs and statistical results. Matlab was used to derive acceleration from vehicle speed and time.
Similarly, accelerator pedal rate was derived from accelerator pedal position and time.
Acceleration and pedal acceleration were both split up into positive and negative data sets and then the averages were found for each leg of the test. Averages were also calculated for the other parameters listed in Table 4 -1. An example of the daily data collected for one truck can be seen in Error! Reference source not found. of the appendix. 
Analysis of Proposed Aggressivity
The first step was to compare the differences between the two trucks and make a correction. The correction to the trucks was applied and can be seen in Figure A-7 where the difference between the average MPG values went from 1.6% to 0.3%. All of the daily tests were separated and then divided up into four legs based on the outbound and inbound sections of the route. Figure 4 -2 shows that each leg has a correlation to different accelerations that follow the same general impact on fuel economy.
Unfortunately this impact could not be corrected due to each leg not being identical routes. Leg 1 and leg 3 were the same as well as leg 2 and leg 4 but this still does not help reduce the data. The variability in fuel consumption between each leg is most likely a combination of traffic conditions, engine warm up at the beginning, and possibly a change in temperature that occurs from mid afternoon to night. Due to none of these factors being directly correlated to each other it makes it difficult to correct as correcting one may skew one of the other factors. It can be shown in Figure A After further investigation it was proposed that the impact of route length should be investigated. It has been shown, in previous tests, by increasing the mileage of the route variability in fuel consumption results decreases. This correlation can be seen in Figure 4 -3. The fuel economy results from the drivers driving only a single leg shows a variability of up to 10% while when the full route is ran for one lap, the variability decreases to 7.5% and yet another decrease in variability occurs when the route is ran twice bringing the variability down to roughly 5%. Based on the results it can be seen that, by asking two drivers to drive as close to the same as possible, the impact on fuel economy testing was less apparent when compared to the extremes seen in the real world. Unfortunately not all of the aggressivity metric described in this paper were able to be used and the modified root mean squared power factor method did not show a good correlation for determining driver impact on fuel economy. The proposed aggressivity metric described in this paper may be applicable for determining driver impact on fuel economy testing but further tests would need to be done to confirm. Although the results of this particular test showed a good correlation and desired results, this might not always be the case. It should be noted that the drivers used for this test were hired from a truck driving company and both were experienced although not in fuel economy testing. It is also recommended that the metric by Irene Berry be tested to determine if it is applicable. Further testing should be conducted with a larger data set that includes varied skill level of the drivers. As well as the driver impact, it could be seen that the time of day also had an influence on fuel consumption. It could not be determined which of the factors related to time of day was causing the shift in fuel consumption but they included, warm up during first leg, traffic changes, and temperature drop. Better controlling these conditions for the driver impact study is recommended for future testing and possible investigation of which of these factors influences fuel economy. 
